Immune cells are highly dynamic in terms of their growth, proliferation, and effector functions as they respond to immunological challenges. Different immune cells can adopt distinct metabolic configurations that allow the cell to balance its requirements for energy, molecular biosynthesis, and longevity. However, in addition to facilitating immune cell responses, it is now becoming clear that cellular metabolism has direct roles in regulating immune cell function. This review article describes the distinct metabolic signatures of key immune cells, explains how these metabolic setups facilitate immune function, and discusses the emerging evidence that intracellular metabolism has an integral role in controlling immune responses.
Immune cells are highly dynamic in terms of their growth, proliferation, and effector functions as they respond to immunological challenges. Different immune cells can adopt distinct metabolic configurations that allow the cell to balance its requirements for energy, molecular biosynthesis, and longevity. However, in addition to facilitating immune cell responses, it is now becoming clear that cellular metabolism has direct roles in regulating immune cell function. This review article describes the distinct metabolic signatures of key immune cells, explains how these metabolic setups facilitate immune function, and discusses the emerging evidence that intracellular metabolism has an integral role in controlling immune responses.

Metabolic Challenges Facing Immune Cells
During the course of an immune response, immune cells can traverse multiple tissues containing diverse conditions of nutrient and oxygen availability. Additionally, in response to activation, immune cells often dramatically change their functional activities; a lymphocyte transforms from a relatively inert cell to a cell engaging in robust growth and proliferation, often producing large amounts of effector molecules such as cytokines. These microenvironmental and functional alterations represent significant metabolic stresses that are efficiently managed by immune cells due their ability to dynamically reprogram their cellular metabolism.
Inflammatory Microenvironments
Most normal tissue is well vascularized and replete with nutrients and oxygen. However, during an immune response, conditions in the local immune microenvironment can often be significantly less accommodating due to competition for nutrients. For example, tumor cells have a prodigious appetite for glucose and other nutrients. As a result, the microenvironment within solid tumors can become depleted of glucose, resulting in decreased rates of glycolysis in tumor infiltrating lymphocytes (1) (2) (3) . Bacterial infections can also compete for nutrients with immune cells. Infection with Staphylococcus aureus, a common human pathogen, can result in localized tissue hypoxia due to elevated levels of oxygen consumption by the invading bacteria. As glucose is a key fuel for this bacteria, the levels of glucose available to immune cells will also be reduced (4) . Viral infection can also result in a decrease in the amount of glucose that is available to infiltrating immune cells; viruses can reprogram infected cells to up-regulate glucose uptake and metabolism to facilitate viral replication (5) (6) (7) . Additionally, various cells at sites of inflammation can release enzymes that consume nutrients in the local microenvironment, including arginase and indoleamine-2,3-dioxygenase, which deplete arginine and tryptophan, respectively (1) . Inflammatory sites can also become hypoxic due to the pronounced influx of inflammatory cells such as neutrophils and monocytes (8) .
Dynamic Changes in Cellular Function
Immune activation is accompanied by substantial changes in cellular activities, such as those accompanying T cell activation. Naïve T cells are long-lived, relatively inert, exhibit low levels of cellular biosynthesis, and primarily require ATP to meet cellular demands ( Fig. 1A ). Following activation, T cells undergo substantial changes in function and engage in robust cellular growth and rapid cellular proliferation (9) . Essential in supporting these cellular activities is the provision of sufficient biomolecules (amino acids, nucleotides, lipids) for the biosynthesis of new cellular components. Therefore, in activated T cells, the objectives of cellular metabolism have shifted from primarily generating ATP to the generation of sufficient ATP plus large amounts of biomolecules for the generation of biomass (10) . Therefore, immune cells adapt their cellular metabolism to accommodate altered functional outputs.
Configuring Metabolism for Biosynthesis, Inflammation, and Longevity
Aerobic Glycolysis for Cellular Biosynthesis
A common feature of pro-inflammatory immune cells is that they adopt a distinct metabolic signature termed "aerobic glycolysis" to support cellular biosynthetic processes: that is, glucose metabolized to lactate in the presence of abundant oxygen ( Fig. 1B) . Aerobic glycolysis is adopted by cells engaging in robust growth and proliferation because it provides the biosynthetic precursors that are essential for the synthesis of nucleotides, amino acids, and lipids (10) . Many intermediates of the glycolytic pathway act as a source of carbon that feeds into a range of biosynthetic pathways ( Fig. 1B) . Therefore, for cells engaged in aerobic glycolysis, the function of glucose is not just as a fuel to generate energy but also as a source of carbon that can be used for biosynthetic purposes (11) . Hence, aerobic glycolysis provides immune cells with the components needed to facilitate proliferation and the synthesis of inflammatory molecules.
Metabolic reprogramming to aerobic glycolysis has advantages beyond enhanced biosynthetic capacity. This metabolic signature allows cells to adapt and survive as they encounter metabolically restrictive conditions, such as hypoxia. Although hypoxia prevents efficient ATP synthesis through OxPhos, 2 high rates of glycolysis can generate enough ATP to maintain energy homeostasis. Glycolytic reprogramming involves increased expression of glucose transporters, especially Glut1, that facilitates elevated glucose uptake and enables immune cells to compete for glucose in nutrient restrictive environments (12) . Immune cells also have a degree of metabolic plasticity in response to limiting glucose availability. For instance, when glucose levels are low, effector T cells have the ability to adapt and increase glutamine uptake and glutaminolysis to support cellular metabolism (13) .
Aerobic Glycolysis in Activated Lymphocytes
Upon stimulation through antigen or cytokine receptors, lymphocytes increase the rates of both glycolysis and OxPhos ( Fig. 2) (10) . Although glucose is an essential fuel during T cell activation, glutamine is also important, and effector T cell differentiation is impaired when the supply of glutamine is disrupted (9, 14, 15) . T cells that differentiate into effector subsets maintain aerobic glycolysis in response to various cytokines (16) . In contrast, FoxP3 ϩ regulatory T cells (Tregs) switch to low levels of glycolysis and preferentially use oxidative metabolism (17) . However, another type of regulatory T cell, FoxP3 Ϫ regulatory T cells (Tr1), maintains elevated glycolysis similar to effector T cells (18) . Although many of the functions of Tr1 cells overlap with those of Tregs, others are unique to Tr1 cells including granzyme/perforin-mediated cytolysis of target cells. Therefore, perhaps the distinct metabolic characteristics of these regulatory cells reflect the different mechanisms through which they regulate T cell responses. Similarly, B lymphocytes and NK cells also increase rates of glycolysis and OxPhos in response to various stimuli (19 -22) . However, as metabolic analyses of B lymphocytes have all been performed using in vitro stimulated splenic B cells, the metabolic profile of distinct B cell 2 The abbreviations used are: OxPhos, oxidative phosphorylation; Treg, regulatory T cell; NK cell, natural killer; DC, dendritic cell(s); mTOR, mammalian target of rapamycin; mTORC1, mTOR complex 1; HIF1␣, hypoxia-inducible factor 1␣; TAG, triacylglyceride; CTL, cytotoxic T lymphocyte; AhR, arylhydrocarbon receptor; Srebp, sterol regulatory element-binding protein.
FIGURE 1. Configuring metabolism to match immune cell function.
A, ATP is the key molecule that provides energy for cellular processes. Maintaining cellular ATP levels is essential for bioenergetic homeostasis and cell survival. Glucose, a key fuel source for mammalian cells, can be metabolized via two integrated metabolic pathways, glycolysis and OxPhos, that efficiently convert this simple sugar glucose into ATP. Glycolysis converts glucose to pyruvate through a series of enzymatic steps that occur in the cytosol, generating two molecules of ATP. Following its transportation into the mitochondria, pyruvate is further metabolized to CO 2 by the Krebs cycle, which drives OxPhos and the translocation of protons across the mitochondrial inner membrane. The resulting proton gradient drives the enzyme ATP synthase, converting ADP to ATP, generating up to 34 ATP per molecule of glucose. In addition to the breakdown of glucose via glycolysis, cells have the ability to metabolize alternative substrates, such as lipids and glutamine, which feed into the Krebs cycle and drive OxPhos. Fatty acid ␤-oxidation and glutaminolysis replenish the Krebs cycle intermediates acetyl-CoA and ␣-ketoglutarate, respectively, thereby fueling OxPhos and the efficient generation of cellular ATP. B, aerobic glycolysis supports biosynthetic processes of the cell as it allows the uptake of larger amounts of glucose and the maintenance of elevated glycolytic flux. Glycolytic intermediates are then diverted into various pathways for the synthesis of biomolecules that support biosynthetic processes. For instance, glucose 6-phosphate (G6P), generated by the first step in glycolysis, can feed into the pentose phosphate pathway (PPP) to support nucleotide synthesis. This pathway also generates NADPH, a cofactor that is essential for various biosynthetic processes including lipid synthesis. Glucose can also be converted into cytoplasmic acetyl-CoA via citrate in the Krebs cycle for the production of cholesterol and fatty acids for lipid synthesis.
Other glycolytic intermediates can also be converted into biomolecules used for protein and lipid synthesis. During aerobic glycolysis, a significant proportion of pyruvate is also converted to lactate and secreted from the cell. Although aerobic glycolysis is an inefficient way to generate ATP (generating only two ATP molecules per glucose) due to the high rates of flux through the pathway, the rate of ATP production can be sufficient to maintain energy homeostasis even when mitochondrial ATP synthesis is impaired. Alternative fuels including glutamine feed into the Krebs cycle and can also supply biomolecules for biosynthetic processes under certain conditions.
subsets is currently unknown. Similarly, the metabolic signatures of distinct NK subsets, or indeed other innate lymphoid cells, also remain to be characterized. Although the exact molecular mechanisms controlling glycolytic metabolism are not universal for all lymphocyte subsets, it is clear that mammalian target of rapamycin (mTOR) has a fundamental role (10, 23) . mTOR complex 1 (mTORC1) activity is essential for the initial induction of glycolysis in T cells and is also required to maintain aerobic glycolysis in effector T cells subsets (9, 23, 24) . The data also suggest that mTORC1 has an important role for cytokineinduced glycolysis in NK cells (22) . A number of transcription factors are involved in glycolytic reprogramming of T cells including both hypoxia-inducible factor 1␣ (HIF1␣) and c-Myc (9, 25, 26) . In B cells, c-Myc but not HIF1␣ is important for the glycolytic response (21) . HIF1␣ and c-Myc directly bind the promoters of an array of genes, notably those of glycolytic enzymes and glucose transporters.
Aerobic Glycolysis in Myeloid Cells
Unlike lymphocytes, mature myeloid cells tend to be nonproliferative and so have substantially different metabolic requirements. Activated M1 macrophages, dendritic cells (DC), and granulocytes are all highly glycolytic with little or no flux through OxPhos (27) (28) (29) (30) (31) (32) . In activated M1 macrophages and DC, OxPhos is inactivated following inducible NOS-dependent nitric oxide production, which directly inhibits oxidative phos-phorylation (33, 34) . In these cells, the Krebs cycle is no longer cycling, which allows the repurposing of Krebs cycle enzymes to generate molecules that are important for proinflammatory functions (27, 33) . M1 macrophages generate high levels of the Krebs cycle metabolite succinate, which can lead to increased HIF1␣ activity and sustained IL1␤ production (27) . Levels of citrate are also elevated and are used to generate the antimicrobial metabolite itaconic acid that inhibits the growth of bacteria such as Salmonella enterica and Mycobacterium tuberculosis (34, 35) . The metabolic changes following DC activation occur in two phases and result in a metabolic switch from fatty acid ␤-oxidation and OxPhos to glycolysis (33) . An initial increase in glycolysis occurs within minutes of DC activation to support de novo lipid biosynthesis, facilitating the expansion of endoplasmic reticulum and Golgi apparatus and increasing the biosynthetic capacity that is essential for mature DC function (36) . Over the course of 18 h, activated DC sustain elevated glycolysis and inactivate OxPhos (33) . This metabolic shift is important in regulating DC-induced T cell responses, in part due to the fact that it impacts upon DC lifespan and thus the duration over which DC can activate T cells (37, 38) . The metabolism of granulocytes is best characterized for neutrophils, which rely almost entirely on glycolysis and exhibit very low levels of OxPhos (28 -30, 39) . Neutrophil effector functions, including the formation of neutrophil extracellular traps, require mTORC1/ HIF1␣ signaling and glucose metabolism (29, 30, 39 -41). Blue panels represent cells with oxidative metabolism, and red panels represent cells with glycolytic metabolism. A, naïve T cells use glucose and glutamine and OxPhos. B, effector lymphocytes and Tr1 regulatory T cells have high rates of both glycolysis and OxPhos, metabolize glucose to lactate, and use metabolic intermediates to support biosynthetic processes. Nuc, nucleotides; FA, fatty acids; AA, amino acids; Lac, Lactate. C, memory T cells use glucose to generate mitochondrial citrate, which is exported into the cytosol to support lipid synthesis. These de novo synthesized fatty acids are used with imported glycerol to generate and store TAGs. OxPhos is fueled by acetyl-CoA generated following ␤-oxidation of these TAGs. FAO, fatty acid oxidation; FAS, fatty acid synthesis. D, FoxP3 ϩ regulatory T cells use exogenously derived fatty acids metabolized by ␤-oxidation to support OxPhos. E, M1 macrophages and mature DC engage aerobic glycolysis for ATP synthesis and to support biosynthesis while also inactivating OxPhos. F, M2 macrophage metabolism is characterized by fatty acid ␤-oxidation and OxPhos. ␤-Oxidation is fueled by lipids that are scavenged from the external microenvironment and also by lipids generated by de novo fatty acid synthesis. G, neutrophils are highly glycolytic with few functional mitochondrial and very low rates of OxPhos.
Although the metabolism of other granulocytes such as basophils and eosinophils remains poorly characterized, there is some evidence that these cells are also glycolytic and rely upon metabolic regulators such as HIF1␣ to maintain glycolysis and normal function (42) . For instance, HIF1␣ accumulation upon basophil activation was shown to be required for VEGF and IL4 production (42) .
Oxidative Cellular Metabolism in Naïve Lymphocytes and Memory T Cells
As previously mentioned, naïve lymphocytes are relatively inert cells with limited biosynthetic demands, and so ATP alone is relatively sufficient to sustain these cells. Given that these cells reside in well oxygenated tissues, oxidative metabolism is a consistent and efficient way to meet cellular metabolic demands. Memory cells generated during the course of an immune response share many of the same characteristics of naïve lymphocytes; they are long-lived, relatively inert cells with limited biosynthetic demands. As nothing is known regarding the metabolism of memory B cells, only memory T cells will be considered here. The key distinction between naïve and memory T cells is the rapid recall responses characteristic of memory T cells when compared with primary T cell responses. Although both naïve and memory T cells adopt oxidative metabolism, there are key differences in the metabolic configurations of these cells that contribute to rapid memory T cell recall responses. Memory T cells predominantly use fatty acid ␤-oxidation to generate acetyl-CoA to fuel OxPhos (43) (Fig. 2) . ␤-Oxidation is an efficient method for generating ATP with each fatty acid molecule generating significantly more ATP (about 106 ATP/molecule of palmitate) when compared with one molecule of glucose (about 36 ATP/molecule of glucose). Indeed, fatty acid oxidation is essential for rapid memory T cell responses (43) . Interestingly, these fatty acids are not taken up from the surrounding microenvironment, but rather memory T cells use glucose and glycolysis to generate citrate for de novo fatty acid synthesis and the generation and storage of triacylglycerides (TAGs) (44, 45) . These endogenously derived TAGs are then broken down by ␤-oxidation in the mitochondria to generate acetyl-CoA to fuel OxPhos (45) . From a bioenergetics standpoint, this would seem like an inefficient mechanism to fuel OxPhos as fatty acid synthesis utilizes both ATP and NADPH. Nonetheless, this seemingly futile cycle of fatty acid synthesis and fatty acid oxidation is important for memory T cell survival (44, 45) . This approach may be taken by memory T cells, for which long term survival is of utmost importance, as glucose levels are stringently controlled in the blood, making glucose a more dependable fuel source than fatty acids, whose levels can vary in different tissues. Another advantage of this cycle of fatty acid synthesis and oxidation may be that it allows the cell to concurrently engage both glycolysis and OxPhos, thus maintaining the machinery required for rapid induction of metabolic flux through these pathways upon antigen recognition and so facilitating rapid functional responses. Indeed, memory T cells can induce rates of glycolysis much more rapidly and robustly than naïve T cells (43, 46) .
Oxidative Cellular Metabolism in Cells with Significant Biosynthetic Output
FoxP3 ϩ Tregs also primarily engage in oxidative metabolism, but in contrast to naïve lymphocytes and memory T cells, FoxP3 ϩ Tregs are not inert cells and are in fact producing relatively large quantities of biomolecules (17, 47) . Tregs make immunosuppressive cytokines IL10 and TGF␤ and can also engage in cellular proliferation in response to IL2. In this respect, M2 macrophages are similar to FoxP3 ϩ Tregs; M2 macrophages engage in oxidative metabolism and yet have significant biosynthetic outputs. M2 macrophages have roles in tissue repair and secrete anti-inflammatory cytokines, growth factors, and factors involved in tissue remodeling (48) . Tregs and M2 macrophages oxidize both glucose and fatty acids in the mitochondria to sustain OxPhos (17, 49 -52) . In contrast to memory T cells, Tregs fuel ␤-oxidation and the Krebs cycle using exogenously derived fatty acids. Meanwhile, in M2 macrophages, there is evidence that both exogenously derived lipids scavenged from the microenvironment and de novo synthesized lipids fuel ␤-oxidation and OxPhos (52) . It is likely that Tregs and M2 macrophages use glutamine metabolites to sustain cellular biosynthetic processes ( Fig. 1) (53) . Indeed, M2 macrophages have increased glutamine metabolism when compared with M1 macrophages (34) . Additionally, given that M2 macrophages are professional scavengers of apoptotic debris, it is tempting to speculate that M2 macrophages sustain cellular biosynthesis using biomolecules scavenged from the surrounding microenvironment (48, 52) .
Oxidative Metabolism Supports Immune Cell Longevity
Controlling the longevity of immune cells is an important aspect of a healthy immune system. For example, a long lifespan (years) is essential for naïve and memory T cells to maintain functional primary and recall T cell responses. In contrast, it is crucial that upon resolution of a viral infection, the large population of CTL undergoes apoptosis as these effector T cells have the potential to cause significant immunopathology (54) . Therefore, CTL have a short lifespan of days to weeks. Similarly, differences in lifespan are apparent in different subsets of macrophages. M1 macrophages are short-lived and are a key component of the innate immune system that forms the first line of defense occurring within hours to days of an immunological challenge. In contrast, M2 macrophages are longer-lived as they have important roles within the resolution phase and in tissue repair and remodeling. Strikingly, the cellular metabolic signature of an immune cell corresponds to the longevity of the cell; aerobic glycolysis is characteristic of short-lived immune cells, whereas oxidative metabolism is characteristic of longlived cells (Fig. 2) .
It is perhaps unsurprising that OxPhos is important for longevity in immune cells given the importance of mitochondrial membrane potential in controlling the induction of apoptosis. Certainly, in activated DC, preserving OxPhos results in an increased cellular lifespan (38) . Moreover, in macrophages, switching cellular metabolism from glycolysis to oxidative metabolism promotes a shift from short-lived M1 macrophages to longer-lived M2 macrophages (50) . In addition, manipulat-ing glycolytic versus oxidative metabolism impacts upon the formation of long-lived memory T cells; inhibiting glycolysis promotes memory T cell formation, whereas inhibiting fatty acid oxidation-dependent OxPhos represses memory T cell formation (55, 56) . These reports are consistent with a number of other studies that also support the notion that promoting oxidative phosphorylation enhances cell survival and lifespan (57) (58) (59) . On the other hand, there are also numerous reports on a variety of cell types showing that manipulating glycolytic metabolism has profound impacts upon cellular viability (60 -64) . Growth factors that promote elevated levels of cellular glycolysis also have the consequence of making that cell highly dependent on continued growth factor signaling and glycolysis for survival (64) . This provides an elegant mechanism for terminating effector T cell responses. For instance, glycolytic metabolism in CD8 ϩ CTL is sustained by IL2, and upon IL2 withdrawal, as will occur upon resolution of a viral infection, glycolytic metabolism is rapidly lost and the CTL will die (24, 65) .
Metabolic Control of Immune Cell Function
Metabolic Enzymes or Regulators Controlling Immune Cell Function
Cellular metabolism is crucial for facilitating immune cell functions, but in addition, there is emerging evidence that metabolic enzymes and regulators can also have a direct role in controlling immune cell functions. For instance, in CD4 T cells, GAPDH has been described to bind to the 3Ј-UTR of IFN␥ and IL2 mRNA and inhibit translation (66) . This function of GAPDH is perhaps unsurprising due to the numerous reports describing RNA binding activities for GAPDH over the past two decades (67) (68) (69) (70) . Indeed, in myeloid cells, GAPDH is a component of the IFN␥-activated inhibitor of translation (GAIT) complex that binds defined 3Ј-UTR elements within a family of inflammatory mRNAs and suppresses their translation (71) . Importantly, GAPDH functions in glycolysis and mRNA binding are likely to be mutually exclusive so that in glycolytic cells, GAPDH is preferentially engaged in glycolysis, and thus the translation of IFN␥ and IL2 mRNA is unconstrained. This mechanism provides a direct link between rates of glycolysis and the expression of important immunological effector molecules. Intriguingly, it appears that many other metabolic enzymes can bind to mRNA molecules including numerous glycolytic enzymes, Krebs cycle enzymes, and enzymes involved in other metabolic pathways (72) . Although the specific mRNA transcripts that these metabolic enzymes bind to still have to be identified, this study highlights the abundant potential for cellular metabolism to directly impact upon cellular functions.
Various metabolic regulators that evolved to control cellular metabolic pathways have since acquired roles in directly controlling immune cell function. The glycolytic regulator HIF1␣ also promotes the expression of IL1␤ in M1 macrophages and programmed death ligand-1 (PD-L1), a ligand for the immune checkpoint receptor PD-1, on various myeloid cells (27, 73) . The aryl-hydrocarbon receptor (AhR), which together with HIF1␣ controls glycolytic metabolism in Tr1 regulatory T cells, also directly regulates T cell responses. AhR promotes Th17 differentiation, while inhibiting Treg differentiation, and is required for the production of the Th17 cytokines IL17 and IL22 (74 -76) . Additionally, AhR is important for Tr1 regulatory T cell differentiation, directly promoting the expression of IL10 and IL21 (18, 77) . The transcription factor sterol regulatory element-binding protein (Srebp), a central regulator fatty acid and cholesterol synthesis, has dual roles in controlling T cell metabolism and directly controlling genes required for immune function. CD8 ϩ T cells lacking Srebp activity fail to undergo metabolic reprogramming and blastogenesis and do not mount a functional T cell response (78) . In CD4 ϩ T cells, the Srebp1c isoform is involved in Th17 differentiation and directly binds to the IL17 promotor to inhibit AhR-induced IL17 expression (79) . Moreover, the Srebp1a isoform is required for pro-inflammatory functions in myeloid cells, including IL1␤ production, as it promotes the expression of a key component of the inflammasome, Nlrp1 (80) . Therefore, there is growing evidence that multiple important regulators of cellular metabolism have additional functions in directly controlling immune responses.
Metabolites Controlling Immune Cell Function
Distinct metabolic configurations will result in different levels of metabolites that can directly impact upon cellular function. It has recently been shown that the glycolytic intermediate phosphoenolpyruvate is important in sustaining T cell receptor (TCR) signaling and T cell effector functions. Phosphoenolpyruvate inhibits Ca 2ϩ re-uptake into the endoplasmic reticulum, thus sustaining nuclear factor of activated T-cells (NFAT) signaling (2) . Mitochondrial reactive oxygen species generated as a side product of OxPhos are also important for optimal TCR signal transduction. T cells that cannot produce mitochondrial reactive oxygen species fail to activate nuclear NFAT, produce IL2, or engage in proliferative expansion (81) . In M1 macrophages, the levels of Krebs cycle metabolites are substantially altered, leading to dramatically elevated levels of succinate, the stabilization of HIF1␣, and prolonged production of IL1␤ (27, 34) . Succinate can stabilize HIF1␣ by inhibiting the ␣-ketoglutarate-dependent prolyl-hydroxylases responsible for tagging HIF1␣ for proteasomal degradation (27, 82, 83) . Indeed, succinate can inhibit other ␣-ketoglutarate-dependent enzymes that can impact upon immune cells due their roles in controlling cellular epigenetics, namely TET2 DNA hydroxylates and Jumonji C (JmjC) domain-containing histone demethylases (discussed further below) (84, 85) . Succinate can act as a signaling molecule that acts through the receptor SUCNR1 and can also be used as a substrate for the post-translational modification of proteins (that is, succinylation) (86) . Succinate acting through SUCNR1 impacts upon DC functions and also induces DC chemotaxis to enhance DC-induced T cell responses (87) . Numerous metabolic enzymes are succinylated on lysine residues, but at present, it is not clear whether this modification impacts upon the regulation of immune responses (86) . Citrate levels are also elevated in M1 macrophages, and this metabolite is important for the production of various proinflammatory molecules: nitric oxide, reactive oxygen species, and prostaglandins (27, 88) .
Cellular metabolites are also important substrates for various enzymes involved in the epigenetic control of gene expression via covalent modification of DNA and histones. Given that the distinct metabolic configurations that characterize immune cells result in different levels of these cellular metabolites, it follows that the epigenetic control of gene expression will differ in parallel with differences in metabolism. For example, TET family enzymes, which oxidize methylcytosine, leading to DNA demethylation, and JmjC domain-containing histone demethylases both require ␣-ketoglutarate as a substrate and are both inhibited by succinate ( Fig. 3) . Indeed, TET2 has recently been shown to regulate the expression of IFN␥, IL17a, and IL10 in Th1 and Th17 cells (89) . Jmjd3 has been shown to be of particular importance in controlling gene expression in LPS-stimulated macrophages (90) . Acetylation of histones is another posttranslational modification that impacts on DNA structure and gene expression. Acetylation of histones by histone acetyl transferases (HATs) requires acetyl-CoA, which is supplied via the export of mitochondrial citrate (Fig. 3) . Indeed, there is evidence in yeast that the concentration of acetyl-CoA is important for histone acetylation (91) . Histone acetylation levels are also controlled by the rate of deacetylation. The activity of sirtuin histone deacetylases is linked to cellular metabolism as these deacetylases are sensitive to the ratio of oxidized NAD ϩ to reduced NADH, which is affected by the balance of glycolysis and OxPhos (92) . Oxidized NAD ϩ is an essential substrate for sirtuins, whereas reduced NADH acts to inhibit sirtuin activity (Fig. 3) (93) . In fact, sirtuins can also deacetylate targets other than histones, which are important in immune regulation. For example, Sirt1 deacetylates FoxP3 to inhibit Treg responses and ROR␥t to promote Th17 responses (94 -97) . Additionally, sirtuins can also have a negative impact upon inflammatory responses, in part through inhibition of NFB activity (98, 99) . Although there are numerous studies suggesting that cellular metabolism impacts upon epigenetic programming of immune cells to affect immune cell fate and function, the best evidence of this comes from a study of trained immunity in macrophages. Cheng et al. (92) elegantly demonstrated that mTORC1/HIF1␣-stimulated glycolysis is required for changes in the epigenome of human or murine myeloid cells that provides enhanced nonspecific protection from secondary infections. Therefore, it is clear that metabolites can impact directly on immune cell function, and it is likely that further examples of this will be revealed as the field of immunometabolism progresses.
Immune Metabolism Relays External Signals to Regulate Immune Cell Function
The data now support an important role for cellular metabolism in controlling the function of immune cells. Given that metabolic regulators and pathways are acutely sensitive to external levels of nutrients, oxygen, and growth factors, cellular metabolism represents a means to relay information from the local microenvironment to modulate immune cell function accordingly. Nutrients such as glucose, glutamine, and fatty acids that directly supply metabolic pathways also regulate the activity of important regulators of immune metabolism and function including mTORC1, HIF1␣, and Srebp. Other nutri- FIGURE 3 . Links between cellular metabolism and epigenetic modifications. Histone deacetylation by sirtuin (SIRT) family members requires NAD ϩ as a substrate, and the activity of these enzymes is inhibited by NADH. The balance of oxidized NAD ϩ and reduced NADH is affected by levels of glycolysis and OxPhos. Methylation of DNA and histones is controlled by the rates of methylation and demethylation. The activities of JmjC domain-containing histone demethylases and the TET2 hydroxylase lead to histone and DNA demethylation, respectively, and can be regulated by Krebs cycle intermediates ␣-ketoglutarate (␣-KG) and succinate (Succ). ␣-Ketoglutarate is a substrate for these enzymes, and succinate acts as an inhibitor. NAM, nicotinamide; HDM, histone demethylase; SAM, S-adenosylmethionine. ents are important for providing the substrates for enzymes that impact upon immune cell function. For example, methionine, which is an essential amino acid and so must be imported into the cell, is used to generate S-adenosylmethionine for epigenetic methylation of DNA and histones. Although most studies have focused on how activating immune receptors affect cellular metabolism, it is now becoming apparent that ligation of inhibitory receptors also alters metabolic pathways. Recent research has demonstrated that ligation of the inhibitory receptors PD-1 and CTLA-4 expressed on human CD4 T cells has pronounced effects on cellular metabolism, inhibiting aerobic glycolysis, and in the case of PD-1, promoting fatty acid oxidation (100) . These data suggest that the inhibitory actions of these receptors may be mediated, at least in part, due to changes in cellular metabolism.
Final Comments
The emerging data now argue that metabolism has duel roles in immune cells to facilitate requirements for energy and biosynthesis and to directly regulate immune cell functions. There are likely to be numerous opportunities for novel therapeutic strategies that modulate this metabolic regulatory axis.
